Boundary Effects in the Magnetic Catalysis of Chiral Symmetry Breaking 
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The catalysis of chiral symmetry breaking by an applied constant magnetic field and in the 
presence of boundaries along third axis is investigated in the four-dimensional Nambu-Jona-Lasinio 
model. It is shown that in case of periodic boundary conditions for fermions the magnetic field 
breaks the chiral symmetry, generating a dynamical mass even at the weakest attractive interaction 
between fermions. For antiperiodic boundary conditions the effect of the finite third dimension is 
to counteract the chiral symmetry breaking. 



It is a well established result that the global properties of the space-time, even if it is locally fiat, can give rise to new 
physics. The seminal discovery in this direction is the so called Casimir effect, that is, the existence of an attractive 
force between neutral parallel perfectly conducting plates JjJ. In this phenomenon the attractive force between the 
plates is mediated by the zero-point fluctuations of the electromagnetic field in vacuum. Thus, these Casimir forces 
are interpreted as a macroscopic manifestation of the vacuum structure of the quantized fields in the presence of 
domains restricted by boundaries or nontrivial topologies. 

From the underlying physical mechanism, it is clear that the Casimir effect has a broad range of applications. 
Today, we can find research activity on this field in many different areas as statistical physics, condensed matter, 
. elementary particles, cosmology, etc. 

' On the other hand, it has been recently found that a magnetic field can catalyze the dynamical chiral symmetry 
i breaking in different quantum field systems |3|-j|] (see, also Q). This is a universal phenomenon that can be understood 
as the generation, through the infrared dynamics of the fermion pairing in a magnetic field, of a fermion dynamical 
mass at the weakest attractive interaction between fermions. The essence of this phenomenon lies in the dimensional 
reduction of the electron dynamics when their energy is much less than the Landau gap V eB (B is the magnitude 
of the magnetic field) |3] ||. In this case, the electrons are confined to the lowest Landau level, therefore having a 
■ (D-2)-dimensional dynamics. The lowest Landau level plays in this case a role similar to that of the Fermi surface in 
BCS superconductivity. 

As it has been pointed out by several authors, the magnetic catalysis of dynamical chiral symmetry breaking can 
have important applications in condensed matter physics 0, quantum chromodynamics |J and cosmology [^|J^]. 
Oh, Our main goal in this paper is to combine these two effects, that is, to investigate the chiral symmetry breaking 
in the presence of an external constant magnetic field for a fermion system in a space-time which is locally flat but 
which has a nontrivial topology represented by the domain R 3 x S 1 (i.e. a Minkowskian space with one of the spatial 
dimensions compactified in a circle S 1 of finite length a). 

The fact that the energy of the vacuum state of quantized matter fields in B 3 x S 1 is nonzero has been corroborated 
by several authors in different physical models [po|JTT] . Recently, the influence of a chemical potential fL2(| , as well 



X 

as of an external magnetic field p3| , on the Casimir energy density of charged particles (bosonic and fermionic) has 
been also investigated. 

We start considering the Lagrangian density of free fermions in the presence of a constant external magnetic field 



£ = \ l>, (*7 M ^ " m) if\ , = 0,1,2,3, (1) 
where the covariant derivative = 3^ — ieA^f 1 depends on the external potential Aff* , chosen in the Landau gauge 

Af = -d^Bxi. (2) 

This potential corresponds to a constant magnetic field pointing in the OZ positive direction. 

The nontrivial topology of the compactified space-time domain B? x S 1 is transferred into periodic boundary 
conditions (BBC) for untwisted fermions or antiperiodic boundary conditions (ABBC) for twisted fermions [flJF] 



x For a discussion of the role of the boundary conditions of the fermion fields on the dynamical symmetry breaking in flat 
space see, for example, ref. jwj. Curvature effects (as well as curvature in combination with an external magnetic field) on the 
symmetry breaking have been also studied thoroughly ( for an excellent review and extended list of references see Jl5|). 
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tp (t, x, y, z + a) = ±ip (t, x, y, z) . (3) 

In we have taken the compactified dimension with length a in the OZ-direction. 

The fermion energy eigenvalues corresponding to the Lagrangian density (Q) with PBC and APBC are respectively 
given by 



E$ = ±\lm? + 2 \eB\ I + ^-n 2 1 = 0,1,2,..., n = 0, ±1, ±2, ... (4) 
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In Eqs. (^) and (|^) I represents the Landau level and n the discrete components of P z , the momentum component in 
the direction of the compactified spatial coordinate. 

From Eq. (|) we see that for the PBC case there is no energy gap between the vacuum and the lowest Landau 
level (/ = 0) at zero momentum (n = 0) in the m — ► limit. This is the same behavior found in this system in (2+1)- 
and (3+l)-dimensions, when it is considered in a topologically trivial space-time (a — * oo) As in those cases, it 

should be expected here that the magnetic field catalyzes the dynamical breaking of chiral symmetry. The absence 
of an energy gap between the vacuum and the lowest Landau level at zero momentum makes possible the vacuum 
condensation of electron pairs which are interacting in the infrared band of the fermion spectrum. 

For the APBC case (Eq. (0)) the situation is different. Even at m — > 0, an energy gap (A_E = -|), which depends 
inversely on the compactified dimension length a, exists between the vacuum and the lowest Landau level (I = 0) at 
zero momentum (n = 0). 

In each case, to determine whether a chiral condensate (0 \ipil)\ 0) catalyzed by the applied external field exists, we 
start from the fermion effective action in the presence of a constant magnetic field which in the Schwinger proper time 
formalism |lq| is given by 
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(6) 



where l/A 2 is a cutoff in the proper time s, Tr means the trace over space-time and internal degrees of freedom, and 
the proper-time Hamiltonian density is 



H= {P u ~eA e ,f t y - ™" 1 ™ 2 



(7) 



with P^ = —id^ denoting the electron four- momentum and = | [7^,7^]. 

For the APBC case it was found in the second paper of Ref. [Of that the fermion effective action is given by 



W AP = 
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In Eq. (||) the sum over the Landau levels was carried out, V = TAa is the four-dimensional volume of the R 3 x S 1 
domain and L (£) = coth^ — is the Langevin function. 

In case of periodic boundary conditions the only difference in the effective action Wp as compared to Wap is the 
absence of the phase factor (—1)" appearing in the sum of Eq.(||). Thus the effective action for the PBC case is 



W P = 
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The chiral condensate is found through the equation 

dW 

dm m=o 
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where W = yj~- From Eqs 



i and (|9|) we have respectively 
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where we have introduced the Jacobi ^-functions |T^] to represent the series appearing in Eqs. (|J) and ([|), and made 
a Wick rotation to Euclidean space (s — > —is). 
Using the Jacobi imaginary transformations 



(0|r) 



with t = I 2 —, we can write Eqs. (nil) and (113) as 
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where we have used again the series representation of the Jacobi functions O2 and 63. Evaluating Eqs. (Q) and ( |l5| ) 
at m = we obtain for eB 7^ 



(16) 
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Thus, from these results it can be seen that in the PBC case a chiral condensate is catalyzed by the magnetic field 
(Eq. (|l7j)), while for the APBC case the condensate is absent (Eq. (fl6|)). 

To understand better the genesis of the different behavior of these two cases we should underline that the main 
difference between the APBC and the PBC configurations lies in the existence of a zero fermion mode (n — 0) for the 
last one. That is, for PBC the fermion spectrum accepts a zero mode, as discussed below Eq. (H). This zero mode 
contribution is essential to obtain a different from zero result |L7|). 

We must also stress that the condensate (|l7j ) is in fact equal to the product of the condensate (— ff-), found in a 
topologically trivial (2+l)-dimensional domain in the presence of an external magnetic field J3j, times (1/a). The 1/et 
factor here is a manifestation of an additional dimensional reduction (besides that introduced by the magnetic field 
||) associated to the nontrivial topology (i.e. to the presence of the boundaries determined by the parallel plates). 

When an external magnetic field is present, but the topology is trivial, the chiral condensate in the free fermions 
(3+l)-dimensional case is given by (0 \ipip\ 0) ~ mhim [^j, and therefore the condensate is absent in the (to — * 0)- 
limit. From Eq.(|l7|), we can see that when this model is considered within a nontrivial topology R 3 x S 1 , the magnetic 
field catalyzes the chiral symmetry breaking, even though the fermions do not acquire a dynamical mass. Therefore, 
we can conclude that the magnetic catalysis of dynamical symmetry breaking in this case is specifically settled by the 
nontrivial topology. 

To generate a fermion dynamical mass we must introduce fermion interactions. As shown below, in the PBC case 
a fermion dynamical mass, depending on the magnetic field B and the compactified dimension length a, appears for 
weak fermion interactions. 

Let us consider the Nambu-Jona-Lasinio (NJL) model p8[| 
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where is the covariant derivative introduced in Eq.(|l|) and the fermions carry an additional, "color", index 
a = 1, 2, . . . , TV. It is known that introducing the composite fields 



<y = —ft (H) , 

the NJL Lagrangian density (nS) can be rewritten as 



TT=-— (^7 5- 0) 



(19) 



Cnjl = \ vfD^\ - i\> (a + i 7 5 n) ip - ^ (a 2 + tt 2 ) 



(20) 



Eqs.([i9|) are the Euler-Lagrange equations for the auxiliary fields a and tt in (|2C|). Thus, with the constraints ( |l9| ) 
the theories represented by the Lagrangian densities ( |l8| ) and (|2^) are equivalent. 

It is clear from Eq.(p0[) that if a gets a different from zero vacuum expectation value (vev) a, the fermions acquire 
mass. Then, to investigate the generation of a fermion dynamical mass we need to search for possible non-zero vev 
of a. In the large N limit the vacuum is determined by the stationary point of the effective action for the composite 
fields a and tt, obtained by integrating over fermions in the path integral: 



N f 

W(a, *)=-— / d 4 x(a 2 + tt 2 ) - tTr log [i^D^ - {a + i 15 tt)] 



(21) 



Since the vacuum should respect translational invariance, to find the vacuum solution we need to calculate the effective 
action for constant auxiliary fields. In this case, the effective action is just W(a, tt) = — V(a, ir)TAa, where TAa is 
the space-time volume and V is the effective potential. Moreover, since the effective potential V depends only on the 
chiral invariant p 2 = a 2 +tt 2 , it is sufficient to consider a configuration with tt = and a constant. In the proper-time 
formalism we get 
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(22) 



(23) 



for antiperiodic and periodic boundary conditions respectively. It is evident that in the limit a — > oo, since the theta 
functions 03,4(O|ia 2 /47rs)| a=oo = 1, the two effective potentials are equal (Vap — Vp) and coincide with the well 
known effective potential of the NJL model in the presence of an external magnetic field || . 

The dynamical mass a for the PBC case is obtained as the solution of the gap equation dVp/da = 0. This equation 
can be written separating the ultraviolet contribution (i.e. terms depending on A). In leading order in l/A the PBC 
gap equation is given by 
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(24) 



where 7 w 0.577 is the Euler constant. The corresponding gap equation for APBC is obtained by replacing 83 by 64 
in Eq. @. 

It is easy to see that under the condition 1/a <C o <C VeB, i.e. a being the largest length scale in the problem, the 
gap equations for both cases (PBC and APBC) reduce to the following one 



G G c 
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(25) 



where G c = (Att 2 / A 2 ) and ± refers to APBC and PBC, respectively. The solution of Eq. (|5j) in the G < G c 
approximation is 
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(26) 



As expected, the solution (|26|), which is nonanalytic in G as G — > 0, coincides with the one found in (3+l)-dimensions 
for B 7^ and a = oo §|. 

Let us consider now the opposite limit of the small length a (a, V eB <C which is the important one to study 
the effects of the compactified dimension. In this limit the gap equation (EJ) for PSC reduces to 



G ~ G~ r ~ 3«7 + 4^2 I °g + 7 
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(27) 



where x) is the generalized Riemann zeta function. 

As B — ► 0, we recover the known gap equation []l2| which admits a nontrivial solution only if the coupling is 
supercritical, G > G°, and the critical coupling G a c = (G" 1 + l/ia 2 )^ 1 . When an external magnetic field, B ^ 0, is 
present a nontrivial solution exists at all G > and, in particular, at G -C G". Indeed, looking at the solution of Eq. 
( p7| ) satisfying a <C VaB we find 



,P = 

dyn — 



eB GG a c 
2na G a n -G 



(28) 



if the coupling G<G°. The condition G <G a c guarantees that (£^) is a minimum solution of the effective potential 
V P . 

From the above result it is clear that the dynamical mass solution ( p8| ) exists in the weak coupling regime of the 
theory The fact that there is no critical value of the coupling to produce chiral symmetry breaking is a characteristic 
feature of the catalysis of dynamical symmetry breaking by a magnetic field ]3|-^| ■ It is remarkable that unlike the 
a — oo case, where the dynamical mass has nonanalytical dependence on the coupling constant as G — > (see Ref. 
j|), at finite a the dynamical mass ( p8| ) is an analytic function of G at G = 0. 

Note also the following point. Equation ( |T9| ) implies that TOd yn = (OjerjO) = — G(0\ r ipip\0)/N. From here and Eq. 
( f28| ) we find that the condensate (0\'ijjip\0) is (0 1 -0-0 1 0) = — N\eB\/2Tra in leading order in G; i.e. it coincides with 
the value of the condensate calculated in the problem of free fermions in a magnetic field (see Eq. ([l7])). This point 
also explains why the dynamical mass 77id yn is an analytic function of G at G = 0: indeed, the condensate already 
exists at G = 0. As a result, we have big enhancement of the dynamical fermion mass generation in the presence of 
boundaries along the magnetic field direction and with periodic boundary conditions for the fermion fields comparing 
to the case of topologically trivial space-time (see Eqs. pgj ) and (p6|)). 

As it is well known, the breaking of a continuous chiral symmetry is linked to the existence of Nambu-Goldstone 
(NG) bosons. The analysis of the NG-modes appearing in this problem will be published elsewhere. 

Let us discuss now the APBC case. Following the same procedure we used for PBC, it is easy to show that the 
APBC gap equation under conditions a,VeB <C 1/a does not have a nontrivial solution; on the other hand, when 
a \fe~B , 1 1 a it is reduced to 
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(29) 



From Eq. (|29j) one can convince oneself that there is no nontrivial solution under the assumptions made if the coupling 
is weak (G — » 0). For chiral symmetry breaking to take place, the coupling constant G must be larger than some 
critical value that depends on the magnitude of the magnetic field B and size a. Indeed, Eq.(29) can be simplified in 
the limiting case v 'eBa 1 
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(30) 



From Eq. ( |30[ ) one can notice that the magnetic field is helping the symmetry breaking since the critical coupling is 
less than the one corresponding to the case with zero magnetic field. 
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On the other hand, the contribution of the compactified dimension length a to the gap equation in the presence 
of a magnetic field has opposite sign for APBC (third term in Eq. (^9|)), as compared to PBC (third term in Eq. 
(p7|)). Consequently, the boundary effect in the APBC case is not enhancing the chiral symmetry breaking, but on 
the contrary, it is counteracting it; while in the PBC case the magnetic catalysis is substantially enhanced by the 
boundary. 

The fact that the boundary effect in the APBC case is not enhancing the chiral symmetry breaking can be better 
understood if one realizes that due to the antiperiodic boundary conditions the quantity 1/a plays in the APBC case 
a role similar to temperature. We have seen above that the chiral symmetry breaking takes place at small 1/a with 
a corresponding dynamical mass given by Eq. (|26|), so we should expect that at 1/a larger than some critical value 
l/a c the chiral symmetry must be restored. 

Such a critical value l/a c indeed exists and is determined from the condition that the second derivative of the 
effective potential at a = becomes positive. In fact, from Eq. (|3^) it is found to be 

1 e 7 

— = — mdyn (31) 
a c 7r 

with mdyn the dynamical mass p6[). Therefore, we obtain that the inverse of the critical length, l/a c , is of the order 
of mdyn, a result equivalent to that found for the relationship between the critical temperature and the gap in BCS 
superconductivity. Also, it follows from Eq. (|3^) that the approach of a — md yn to zero is given by the square root 
dependence (a — ac) 1 / 2 . 

Finally, we should point out that the combined effect of an external magnetic field and periodic boundary conditions 
for fermions along third axis can find important applications to explaining a kink-like feature of thermal conductivity 
in the presence of a magnetic field in high-T c superconducting samples much below the critical temperature. Such an 
effect was observed in recent experiments by Krishana ct al. pjj ] . These high-T c superconductors are known to possess 
a quasi-2D structure, and it has been suggested Jl^,0| that the magnetic field can induce a second phase transition in 
the superconducting state, leading to the opening of a gap at the nodes of a conventional d-wave gap. 
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